The reactions of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) in a MeOH/H 2 O or 2-PrOH/H 2 O medium in the presence of Na 2 CO 3 afforded 6-alkoxy-2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles 3a,b (multi-component condensation) and 6-alkoxy-2-amino-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3,5-dicarbonitriles 4a,b (multi-component cyclodimerization). Analogous reactions of 1 with 2 in an MeOH/H 2 O medium in the presence of NaOH, piperidine, or morpholine gave compounds 3a, 4a and 2-amino-4-ferrocenyl-6-hydroxy-, 6-piperidino-and 6-morpholinopyridine-3,5-dicarbonitriles 3c-e, respectively. The structures of the compounds 3b, 4a and 4b were established by the spectroscopic data and X-ray diffraction analysis. The electrochemical behaviour of compounds 3b, 3d and 4b was investigated by means of cyclic voltammetry.
Introduction
Pyridine derivatives have been studied for over a century as an important class of heterocyclic compounds and they still continue to attract considerable attention due to the wide range of medicinal properties they possess, such as vasodilators, anticoagulants, hypolipidemic, tuberculostatic, antihistamine, antihypertensive, cardiovascular and gastrointestinal activities [1, 2] . Pyridine systems are also found in important vitamins (PP, B 6 ), alkaloids and herbicides [1] .
The incorporation of one or two iron-containing ferrocene substituents into a pyridine molecule will enlarge the spectrum of valuable characteristics. In addition, ferrocene compounds are known to exhibit chemotherapeutic properties [3] . Ferrocenyl-substituted pyridines have been extensively studied as ligands, in the synthesis of non-linear optical materials, etc. [4] [5] [6] . However, their biological activities have not hitherto been studied. Various methods to prepare ferroceno-containing pyridines have been reported [7] [8] [9] [10] . Syntheses of ferrocenylpyridines are mainly carried out via Negishi cross-coupling reactions of FcZnCl with bromopyridines [7] , the condensations of 1,3-diketones with ferrocenecarboxaldehyde in the presence of AcONH 4 [8] ; the interactions of ferrocenyl-1,2-enones with 3-aminocrotononitrile [9] , ethyl 3-aminocrotonate [9] or acetonitrile in the presence of Me 3 COK [10] . The interest in heterocyclic compounds bearing ferrocenyl substituents in the molecules can be traced back to the discovery of ferrocene [11] [12] [13] [14] . This is determined by a peculiar chemical behavior of such compounds due to mutual influence of the metallocene and heterocyclic moieties. In particular, biological activities of many nitrogen heterocycles, such as quinuclidines, pyrazolines, pyrazoles, pyrimidines, tetrahydropyridazines, bearing ferrocenyl substituents, have been reported [8, [15] [16] [17] [18] [19] [20] . It may be expected that ferrocenylpyridines and cyano(ferrocenyl)pyridines will also prove valuable, because they possess diverse biological activity, find use as potential bio-receptor ligands [13] [14] [15] , new drugs [16] [17] [18] [19] [20] , and significant intermediates for the synthesis of important materials [21] [22] [23] . For these reasons, development of new compounds containing cyano and ferrocenyl groups in the pyridines is strongly desired.
Herein we report results from our investigations into reactions of the condensation of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) and of the tandem-transformations of 1 in alcohols/aqueous medium in the presence of bases and nucleophiles. The electrochemical behavior of the 6-alkoxy-2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles and 6-alkoxy-2-amino-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3,5-dicarbonitriles was studied.
Results and Discussion

Synthesis of 6-Alkoxy-2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles and 6-alkoxy-2-amino-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3,5-dicarbonitriles
We found that two competitive processes occur upon reaction of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) in MeOH/H 2 O or 2-PrOH/H 2 O medium in the presence of Na 2 CO 3 , viz, formation of 6-alkoxy-2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles 3a,b (multi-component condensation) and of cyclodimeric products 4a,b (multi-component cyclodimerization). In addition, other minor reaction products of the starting compounds were also isolated, however their structures could not be established from their 1 H and 13 C-NMR spectroscopy and mass spectrometry data (Scheme 1).
Scheme 1.
Reaction of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) CO 3 Other products
+
The compounds 3a,b and 4a,b were isolated by column chromatography on alumina and their structures were characterized by IR and NMR spectroscopy, mass spectrometry, and elemental analysis (see Experimental section). According to the 1 H-and 13 C-NMR data, the cyclodimerization of 1 occurs with high diastereoselectivity, and compounds 4a and 4b were isolated as a single diastereomeric form. One cannot rule out the formation of minor diastereomeric products; however they could not be isolated and characterized.
The molecular structures of compounds 3b, 4a and 4b were determined by X-ray diffraction analysis of their single crystals. The general views of molecules 3b, 4a, and 4b are shown in Figures 1-3 , respectively, while the principal geometric parameters are listed in Table 1 . X-Ray diffraction analysis confirmed the aromatic ferrocenylpyridine structure for compound 3b, and diferrocenyl(dihydro)pyridine structures for compounds 4a and 4b. Central fragment of the molecule 3b is a flat six-membered ring with one nitrogen atom. The N(1)-C(14) bond length in the compound 3b is somewhat shorter [d = 1.318(2) Å] compared to the standard length (cf. d = 1.338 Å [24] ). The bond lengths of the C-Fe and C-C bonds in the ferrocenyl substituents as well as the geometric parameters of the ferrocene sandwiches are close to standard values [25] . Table 1 . Selected bond lengths and bond angles for compounds 3b, 4a and 4b.
Selected bond lengths (Å)
Selected bond angles (°) 3b N(1)-C (13) were not detected (Schemes 2 and 3). As in the case of reaction of 1 with 2 in the presence Na 2 CO 3 , the polymerization products of the starting compounds were also present in minor quantities.
Scheme 2.
Reaction of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) in the presence of NaOH.
Scheme 3.
Reaction of 2-cyano-3-ferrocenyl-acrylonitrile (1) with malononitrile (2) in the presence of piperidine or morpholine.
Both reaction mixtures were separated by column chromatography on alumina, and the structures of the isolated products were characterized by IR, 1 H and 13 C-NMR spectroscopy, mass spectrometry, and elemental analysis. These physicochemical characterizations of compounds 3c-e corroborate completely their structures.
The formation of 2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles 3a-e in the presence of bases and nucleophiles proceeds, in our opinion, via multi-component condensation reaction [26] (Scheme 4). Possibly the intermediate 5 is generated in one step and then transformed into pyridines 3a-e.
Scheme 4. Possible mechanism for the formation of compounds 3a-e.
A tentative mechanism for the formation of the diferrocenyl(dihydro)pyridine-3,5-dicarbonitriles 4a,b is represented in Scheme 5.
Scheme 5. Possible mechanism for the formation of compounds 4a,b.
To verify the mechanism described in Scheme 5 above, the cyclodimerization of 2-cyano-3-ferrocenylacrylonitrile (1) was carried out under identical conditions in 2-propanol in the presence of water and Na 2 CO 3 . The product of the cyclodimerization, 2-amino-4-ferrocenyl-3-ferrocenylmethyl-6-isopropoxy-3,4-dihydropyridine-3,5-dicarbonitrile (4b), was obtained with ~27% yield. Thus, cyclodimerization of compound 1 represents a novel type of the three-component anomalous reaction of [4+2]-cycloadition, absolutely different from the Diels-Alder reaction. ). The cathodic peak current and the anodic peak current were proportional to v 1/2 , indicating that I is a diffusion-controlled process [27] . The evidence presented above suggests that process I can be attributed to the reversible electron transfer for the ferrocene moiety Fc-Fc ) in the voltammetric experiments, the product of the electrochemical reduction in the process IIa was not detected. This result points out the absence of electronic communication between the two proximal ferrocenyl centres, which is contrary to the observations reported recently [28] , where the communication between ferrocenyl fragments was detected in 3,5-diferrocenylpyridine. The electrochemical process I is attributed to the ferrocene moiety at the para position to the nitrogen atom of the heterocycle, . The working electrode used was platinum. . The working electrode used was platinum. 
Electrochemistry
The second oxidation process (IIa) is related to the ferrocene moiety at the meta position to the nitrogen atom of the heterocycle (Fc meta /Fc meta + ) with high positive electronic density due to its proximity to the CN group. The absence of the reduction signal in the process II could be attributed to a low stabilization of the electro-generated dication (Fc + para -Fc meta + ) by the solvent [29, 30] . This fact was confirmed when the experiment was performed in a coordinative solvent such as DMSO, where electrochemical response becomes more irreversible.
Experimental
General
All the solvents were dried according to the standard procedures and were freshly distilled before use [31] . Column chromatography was carried out on alumina (Brockmann activity III). The The electrochemical behavior of compounds 3b, 3d and 4b was explored with a Biologic SP-50 (Grenoble, France) potentiostat/galvanostat. The current interrupt method was used for iR compensation during all the experiments. The sample concentration employed was ca. 1 mM in acetonitrile in the presence of 0.1 M tetra-N-butylammonium tetrafluoroborate (TBABF 4 ). A platinum disk and a platinum wire were used as working electrode and counter-electrode, respectively. A silver wire was used as a pseudo reference electrode. All solutions were bubbled with nitrogen 5 minutes prior each measurement. Cyclic voltammetry experiments were initiated from open circuit potential (E ocp ) to positive direction, using scan rates from 0.1 to 1.0 V·s . All potentials were reported versus the couple Fc/Fc + according to IUPAC convention [32] . The following reagents were purchased from Aldrich (Toluca, Mexico): ferrocenecarboxaldehyde, 99%; malononitrile, 99%; methyl alcohol, 99.9%; 2-propanol, 99.9%; morpholine, 99+%; piperidine, 99%. 2-Cyano-3-ferrocenylacrylonitrile (1) was prepared by condensation of ferrocenecarbaldehyde with malononitrile in benzene in the presence of piperidinium acetate [33] . The physical and 1 H-NMR spectroscopic characteristics of compound 1 were in accordance with the literature data [34] . (2) in the presence of Na 2 CO 3 . A mixture of compound 1 (1.13 g, 5.0 mmol), malononitrile 2 (0.4 g, 6.0 mmol), methanol or 2-propanol (100 mL), H 2 O (10 mL) and Na 2 CO 3 (0.5 g, 5.0 mmol) was stirred and refluxed for 8 h. The solvents were removed in vacuo and the residue was dissolved in dichloromethane (50 mL). The solution was mixed with Al 2 O 3 (activity III, 20 g) and the solvent was evaporated in air. This sorbent was applied onto a column with Al 2 O 3 (the height of alumina is ca. 20 cm) and the reaction products were eluted from the column first with petroleum ether, then with a 2:1 hexane-dichloromethane to give compounds 3a,b, 4a,b and polymeric compounds. Reaction of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) in the presence of NaOH. The reaction of compound 1 (1.13 g, 5.0 mmol) with malononitrile 2 (0.4 g, 6.0 mmol) and 0.4 g NaOH in methanol (100 mL) and H 2 O (10 mL) was carried out under conditions described above; subsequent chromatography afforded 3a (15%), 3c and 4a (12%). Reactions of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) in the presence of amines. A solution of compounds 1 (5.0 mmol) and 2 (6.0 mmol), piperidine or morpholine (2.0 mL) in methanol (100 mL) was stirred for 6 h at 60 °C. The reaction mixture was evaporated in vacuo, and the residue was subjected to TLC on SiO 2 (hexane-dichloromethane, 2:1) to give compounds 3a (~20%, Rf = 0.78), 4a (~9%, Rf = 0.67) and 3d,e (58-61%, Rf = 0.35-0.54). CO 3 . A mixture of compound 1 (1.13 g, 5.0 mmol), 2-propanol (60 mL), H 2 O (10 mL) and Na 2 CO 3 (1.0 g, 10mmol) was stirred for 12 h at 80 °C. The reaction mixture was worked up as described above, subsequent chromatography on Al 2 O 3 gave compounds 3b (25%) and 4b (27%), respectively, and polimeric compounds.
Reactions of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile
2-Amino-4-ferrocenyl-6-methoxypyridine-3,5-dicarbonitrile (3a
2-Amino-4-ferrocenyl-3-ferrocenylmethyl-6-methoxy-3,4-dihydropyridine-3,5-dicarbonitrile (4a
2-Amino-4-ferrocenyl-3-ferrocenylmethyl-6-isopropoxy-3,4-dihydropyridine-3,5-dicarbonitrile (4b
2-Amino-4-ferrocenyl-6-hydroxypyridine-3,5-dicarbonitrile (3c
2-Amino-4-ferrocenyl-6-piperidinopyridine-3,5-dicarbonitrile (3d
Crystal Structures of 3b, 4a and 4b
Single crystals of 3b and 4b were obtained by crystallization from chloroform, while crystals of 4a were obtained by crystallization from methanol. The unit cell parameters and the X-ray diffraction intensities were recorded on a Gemini (detector Atlas CCD, Cryojet N 2 , Loveland, CO, USA) diffractometer. The structures of compounds 3b, 4a and 4b were solved by the direct method (SHELXS-97 [35] ) and refined using full-matrix least-squares on F Crystal data for C 20 . CCDC-878738 (for 3b), CCDC-878739 (for 4a) and CCDC-878741 (for 4b) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/const/retrieving.html [or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge DB2 1EZ, UK; Fax: (internat.) +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk].
Conclusions
The reaction of 2-cyano-3-ferrocenylacrylonitrile (1) with malononitrile (2) in a MeOH/H 2 O or 2-PrOH/H 2 O medium in the presence of Na 2 CO 3 , NaOH, piperidine or morpholine affords products of multi-component condensation: 6-alkoxy-2-amino-, 2-amino-6-hydroxy-, 2,6-diamino-4-ferrocenylpiridine-3,5-dicarbonitriles 3a-e, respectively, as well as products of multi-component cyclodimerization: 6-alkoxy-2-amino-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3,5-dicarbonitriles 4a,b. This method can be widely used in the synthesis of various pyridine derivatives with ferrocenyl substituents. The reactions described in this study should be of interest to synthetic, theoretical and practical organic chemists seeking ways to prepare functionalized ferrocenylpyridines. The electrochemical behavior of compounds 3b, 3d and 4b was investigated by means of cyclic voltammetry. For 3b and 3d two electrochemical processes (Ia,Ic), attributed to the oxidation and reduction of the ferrocene moieties were found. On the other hand, for compound 4b a double electron transfer for both ferrocene groups (Ia,IIa) and the electrochemical monogeneration of the dication species (Ic) were detected.
